Objective: Specificity of ictal high-frequency oscillations (HFOs) in identifying epileptogenic abnormality is significant, compared to the spikes and interictal HFOs. The objectives of the study were to detect and to localize ictal HFOs by magnetoencephalography (MEG) for identifying the seizure onset zone (SOZ), evaluate the cortical excitability from preictal to ictal transition, and establish HFO concordance rates with other modalities and postsurgical resection. Methods: Sixty-seven patients with drug-resistant epilepsy had at least 1 spontaneous seizure each during MEG acquisition, and analysis was carried out on 20 seizures from 20 patients. Ictal MEG data were bandpass filtered (80-200 Hz) to visualize, review, and analyze the HFOs co-occurring with ictal spikes. Source montages were generated on both hemispheres, mean fast Fourier transform was computed on virtual time series for determining the preictal to ictal spectral power transition, and source reconstruction was performed with sLORETA and beamformers. The concordance rates of ictal MEG HFOs (SOZ) was estimated with 4 reference epileptogenic regions. Results: In each subject, transient bursts of high-frequency oscillatory cycles, distinct from the background activity, were observed in the periictal continuum.
dynamic augmentation in intrinsic epileptogenicity. Spatial overlap of ictal HFO sources was consistent with EZ determinants and the surgical resection area.
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| INTRODUCTION
Epilepsy affects 0.5%-1% of the population, and about 30% of all epilepsies remain refractory to medication. 1 Patients with drug-resistant epilepsy (DRE) undergo surgery for removal of their epileptogenic zone (EZ). EZ is a hypothetical minimum volume of cortex that must be resected to achieve seizure freedom 2 in roughly more than half of DRE cases. 3 EZ is defined by the ictal symptoms (symptomatic zone), interictal spikes on electroencephalogram (EEG)/magnetoencephalogram (MEG; irritative zone), seizures during EEG/MEG (seizure onset zone [SOZ] ), and epileptogenic lesion on magnetic resonance imaging (MRI; lesional zone). 2 Surgical failures most commonly result from an incomplete delineation and resection of EZ. 4 Patients undergo all presurgical investigations including EEG, MEG, positron emission tomography (PET), and single photon emission computed tomography to identify the EZ. Hence, to attain the best surgical outcome, it is essential to delineate the EZ accurately. Ictal MEG source localization would provide invaluable focal EZ compared to interictal spike mapping and might be helpful for surgical decision making in patients with DRE. 5 However, ictal MEG data are rare, and very limited reports are available, studied on small cohorts. Previous studies had analyzed ictal MEG data in lower frequency bandwidth (<45 Hz), 6 except in a study 7 that reported multiple frequency band analysis up to gamma band (<70 Hz). None of the studies had evaluated ictal the MEG record for high-frequency oscillations (HFOs). Most of the studies 5, 8, 9 reported ictal localization using single equivalent current dipole (ECD) models, and few studies also reported poor localization in the ictal MEG record. 9 HFOs (80-200 Hz) are being recognized as EEG biomarkers for epileptogenicity. 10 The HFOs that happen during seizure onset can determine the EZ, which is useful for epilepsy surgery. HFOs in focal epilepsy were first investigated with intracranial microelectrodes 11, 12 and with depth and subdural electrodes. 13, 14 With these invasive methods, it has been shown that HFOs can be observed during ictal events and that localization of ictal HFOs may delineate the epileptogenic area better than localization of spikes in interictal, preictal, and ictal periods. 15 Surgical removal of ictal HFO-generating tissue was associated with a good clinical outcome. 14 Nevertheless, HFOs have been less frequently studied on scalp EEG 16, 17 and rarely on MEG.
The objectives of the current study were (1) to identify true HFOs based on temporal patterns, and spatial and spectral characteristics; (2) to study cortical excitation from preictal to ictal transition state; (3) to detect SOZ at HFO frequency band; and (4) to evaluate the concordance rate of ictal HFO SOZ, with the estimated EZ of ictal surface EEG, MRI, and interictal MEG spike mapping.
| MATERIALS AND METHODS

| Patients
Patients with DRE included in this study have undergone standard presurgical evaluations and were subsequently referred for MEG to delineate the epileptogenic area. Between the years 2013 and 2016, among 691 patients with epilepsy who underwent MEG recording at a tertiary care neuropsychiatric hospital, 67 patients had 1 spontaneous seizure each during MEG acquisition. The inclusion criteria were (1) patients who had ictal MEG recording and (2) ictal MEG onset with clear and evident ictal rhythms distinct from background activity (BGA) lasting for a minimum of 10 seconds. The exclusion criteria were (1) presence of metallic implants; (2) onset MEG waveforms contaminated with artifacts from chewing, head movements, and hyper motor phenomenon because of seizures. Forty-seven recorded seizures were excluded (due to the following exclusion criteria: metallic implants, n = 3; head movement during seizure, n = 20; ictal onset with hyper motor phenomenon, n = 24) from subsequent analyses, and 20 spontaneous seizures (1 seizure per patient) were further analyzed. The institute ethics committee had approved the study.
| MRI and MEG acquisition
Structural MRI image was acquired in a 1.5-and 3.0-T MRI system (Skyra, Siemens, Erlangen, Germany) using an 8-channel head coil for all patients with a vitamin-E marker over the fiducials. All subjects underwent T1-weighted 3-dimensional (3D) magnetization-prepared rapid acquisition gradient echo sequence (repetition time = 650 milliseconds, echo time = 14 milliseconds, slice thickness 1.0 mm), and epilepsy protocol MRI sequences, both interpreted by experienced neuroradiologists. MEG and simultaneous 23-channel EEG were acquired, at a sampling rate of 2 kHz, for 120 minutes' duration in a comfortable supine position, with a 306-channel MEG system (Neuromag TRIUX; Elekta, Stockholm, Sweden). Patients were requested to avoid any head movements, chewing, and swallowing during recording. Five head position indicator coils, placed on the scalp, monitored the head position continuously during acquisition. The fiducials and other anatomical boundaries were marked with a 3D FASTRAK digitizer (Polhemus, Colchester, VT, U.S.A.), facilitating the coregistration of MRI and MEG. The residual MEG sensor noise was kept below 3 fT/cm p Hz. The resident, the MEG technician, and the staff nurse observed the subject during recordings and noted the clinical semiology, which was later reviewed by the epileptologist.
2.3 | Definition of presumed epileptogenic region, and baseline, preictal, and ictal epochs Based on the clinical information of each patient, presumed EZ was defined during a presurgical epilepsy meeting, after consensus by a team of epileptologists, neuroradiologists, and neurosurgeons. The clinical information consisted of resected cortical region, MRI lesion, ictal-interictal EEG, PET-computed tomography, and interictal MEG spike localization results. This presumed EZ was considered a gold standard for comparing the HFO source localization results. A visual review of bandpass-filtered (3-45 Hz with a finite impulse response [FIR] filter) MEG data was performed, with the support of simultaneous EEG, to determine the ictal rhythms, baseline, and periictal period. The earliest electrophysiological change distinct from the BGA was identified as ictal onset using simultaneous MEG and EEG according to standard methods outlined in the literature. 6, 8 Baseline was defined as the 4-second period that antecedes 10 minutes distant from any seizure or artifact. Initial ictal rhythms in the buildup of all seizures remained focal for a minimum of 4 seconds and later propagated to the ipsilateral/contralateral hemisphere. Precise time of ictal onset based on visual recognition of BGA has the potential for interobserver bias. Hence, 4-second epochs were extracted in both directions (8 seconds in total) from the probable ictal onset time point. We defined "ictal epoch" as the 4-second period after the ictal onset, "preictal epoch" as the 4-second period preceding the ictal onset, and "periictal epoch" as the preictal and ictal epoch continuum together. Therefore, the ictal epoch is an arbitrary time window that included presumed ictal onset and early recruitment of ictal activity. across each brain location for both sensor configurations. The mean spectral power values were compared between 2 states, for each source montage (n = 15) in the brain. Then, patients were categorized and contrasted at 4 subgroup levels based on the presumed EZs, that is, at the temporal (n = 5), temporal plus (n = 4), frontocentral (n = 6), and multilobar (n = 5) subgroup levels. For visualization and documentation of HFOs, time-frequency decomposition with convolution method was computed over the periictal continuum, which was bandpass filtered at 80-200 Hz. The criteria used for an HFO event were that it should have a minimum of 4 oscillatory cycles with at least 10- (4) if there was a consensus between J.V. and S.S. in marking the fast oscillations, the raw MEG waveforms were reviewed for consistent overriding fast activity; and (5) time-frequency analysis was computed and evaluated for the presence of true fast oscillations.
| Imaging HFO epileptogenicity (SOZ)
For imaging the SOZ, 2 inverse modeling algorithms were used: sLORETA (standardized low-resolution electromagnetic topographic analysis) 20 and frequency beamformer (minimum variance adaptive beamformer [MVAB]). 21 The sLORETA model is a statistical measure of cortical current strength divided by error bar, obtained for each voxel location. Over the HFO-filtered ictal epochs, cortical maps were generated on each subject's MRI, and resultant maps produced modified pseudo-statistics (pseudo-F values), referred to as HFO SOZ or HFO sLORETA localization (HFO-sL). Source analyses were also performed with MVAB 22 on a semirealistic head model in the FieldTrip toolbox. 23 Each subject's brain was spatially normalized and divided into a regular 3D grid of voxels of 8-mm resolution. The lead field matrix was computed at each grid position for a unit dipole. We calculated cross-spectral density matrix on a combined Fourier-transformed data structure with preictal, ictal continuum (pI) and baseline segments (pB). Non-time-resolved spectral estimation was calculated at the HFO band, with 5-Hz resolution. Subsequently, a common spatial filter estimated the sources in pI and pB segments, exclusively and collectively, at each grid point. The resultant ictal high-frequency activity was described as HFO SOZ or HFO-beamformer localization (HFO-MVAB), spatially normalized using the SPM8 toolbox in MATLAB (http://www.fil.ion.uc l.ac.uk/spm/software/spm8).
| HFO epileptogenicity (SOZ) with other epileptogenic regions
MEG interictal spikes were marked and mapped by 2 independent observers (S.S., J.V.) with ECD on a semirealistic head model. This study recorded 30-84 interictal MEG spikes per patient. We defined the region at the lobar level and estimated the concordance at the lobar level between the region(s) indicated by ictal MEG HFO SOZ (HFO-sL and HFO-MVAB) with the other reference epileptogenic regions (RERs) 24 : (1) surgical resection site determined by examination of postoperative MRI, (2) presumed EZ, (3) structural MRI abnormality, (4) ictal surface-EEG region, and (5) interictal MEG spike region. The concordance rate was evaluated at 4 levels: (1) concordant specific: MEG HFO source localization concordant with RER ( Figure 3B , C,E,F,H,L); (2) concordant nonspecific: MEG HFOs colocalized with RER, but nonspecific, also in another region ( Figure 4A ); (3) hemispheric lateralization: MEG HFOs ipsilateral but different location than RER ( Figure 4I) ; and (4) discordant: MEG HFOs discordant with RER. Two patients (S6, S8) had profound myogenic artifacts at the ictal EEG onset. These patients were further eliminated; equivalent congruence estimation was made with HFO SOZ (Table 2A) . One patient (S15) did not have any HFO SOZ during analysis with either inverse algorithm and was not considered in subsequent analyses.
| Statistical analysis
The peak frequencies of HFOs and spectral power (nAm 2 )
were computed at each predefined brain location, during preictal and ictal epochs (expressed as mean AE standard error of the mean). The group and subgroup spectral power differences between preictal and ictal state were calculated with the Wilcoxon signed-ranked test. Computed average power values with sLORETA/MVAB of all voxels in the brain were interpreted as an estimate of epileptogenicity. The kappa statistic or Cohen kappa coefficient (j) assessed the interalgorithm agreement, in HFO source localization. Chi-square test was performed to demonstrate that the concordance rates of ictal HFO source localization with RERs are significantly above chance. Statistical analyses were performed using SPSS 22, and significance was determined at P < .05 (IBM, Armonk, NY, U.S.A.). 
| RESULTS
| Characteristics of MEG periictal pathological HFOs
The present study reviewed the MEG periictal data filtered at 80-200 Hz; there were transient bursts of 4-6 HFOs distinct above the BGA, co-occurring with the spikes in both the pre-ictal and ictal continuum. Their maximum peak (negative or positive) amplitude roughly varied between À2.2 pT and +1.93 pT (pT = picoTesla; 1 pico = 10 À12 ; median = À2.08pT; +1.86pT). The amplitude of HFOs varied for every patient. Computed simultaneous time-frequency analysis indicated the isolated spectral surge (islands or blob) in a narrow frequency band ranging between 85 and 180 Hz (Figure 1 ).
| Assessment of cortical hyperexcitability during preictal and ictal state
Group analysis (20 patients) suggested a significant spectral power surge in the ictal state (P < .05) compared to the preictal state, for each location except at right frontocentral source montage (FR and CR). Six patients (S6, S11, S13, S14, S15, S18) with frontocentral epilepsy had substantial power upsurge only in frontocentral (FpM, FR, PR) montages (P < .05). In 5 patients (S2, S8, S12, S17, S20) with temporal lobe epilepsy, the power surge was observed only in temporal montages (TAR, TPR, TPL; P < .05). In 4 patients (S1, S3, S4, S9) with temporal plus epilepsy, power surge was observed in temporal plus additional montages (TPL, TAR, CL, FR; P < .05). Finally, in 5 patients (S5, S7, S10, S16, S19) with multilobar epilepsy, the power surges were observed in multiple montages (TPL, FL, CL, PL, FM, CM, OpM, PR; P < .05). In all epilepsy subgroups, the power surge trends persisted irrespective of the source montages generated from magnetometer or gradiometer channels. Figure 2 ). patients ( Figure 4 ). In the event of successful source localization of ictal HFOs, the concordance rates were evaluated, and the results were significantly above chance regardless of the RER choice. The results are reported in Table 2 .
| Surgical outcome
Patients S2, S20, and S16, diagnosed respectively with right, right, and left mesial temporal sclerosis (MTS), underwent anterior temporal lobectomy with anterior hippocampectomy of the affected side, and histopathology confirmed MTS-Ia. All 3 were seizure-free (Engel Ia) at 1-year follow-up. Patient S5, diagnosed with right middle carotid artery infarct with perilesional gliosis, underwent modified hemispherotomy with Engel II outcome. Patient S6 and Patient S11 (after the first unsuccessful surgery) underwent resection of right frontal focal cortical dysplasia, and both are seizure-free at 6 and 8 months of follow-up. In all 6 patients, HFO SOZs were concordant with surgical resection site. Figure S1 shows postoperative MRI for subjects who underwent surgery. Figure S2 illustrates the excellent spatial overlap of HFO source reconstruction with the surgical resection cavity, overlaid on postoperative MRI. Both sLORETA and MVAB HFO source reconstruction results accurately delineated the epileptic foci (EZ), which are concordant with and specific to the presumed EZ and the postsurgical resection cavity in all 6 cases (100%). The remaining 14 patients were discussed at the presurgical epilepsy case meeting and are awaiting surgery.
4 | DISCUSSION
| Ictal HFOs as a biomarker of epileptogenicity
In the present study, we had evaluated preictal and ictal MEG data for HFOs, to define and delineate the SOZ. The present study might be the first to analyze MEG preictal and ictal HFOs and to examine ictal HFO source localizations from MEG data and their relationship with reference determinants of EZs. We have shown that (1) HFOs might reliably be detected in preictal and ictal MEG data; (2) augmentation in HFO power from the preictal to ictal state, speculating that the intrinsic epileptogenicity of ictal HFOs, would have caused a dynamic change in cortical hyperexcitability presumably leading to seizures; (3) source space ictal time-frequency events can successfully localize the EZs; and (4) HFO SOZs had a good spatial overlap with the surgical resection sites and presumed EZ, therefore accurately delineating the epileptogenic abnormality, which might further assist in surgical planning. This study provides further evidence that ictal and interictal pathological HFOs are key potential biomarkers of epilepsy. 10 
| Pathological HFOs during ictal MEG
We had evaluated ictal MEG data for HFOs, to define and delineate the SOZ. In comparison with interictal data, ictal data would provide vital information. However, recording and analysis of ictal MEG pose a significant challenge. 9 The present study recorded 67 seizures in 67 (9.7%) of 691 patients who were referred for MEG evaluation, but only 20 seizures in 20 (2.9%) of the 691 patients could be analyzed. There is very little literature that has studied HFOs during seizure activity. Predominantly, HFOs have been investigated on ictal invasive EEG (iEEG) 25 and ictal electrocorticography 26 with an excellent spatial concordance of localized area of the high-frequency band and SOZ. The resection of tissues generating HFOs had led to a favorable outcome. 27 However, the major limiting factors with iEEG studies are invasiveness and less spatial coverage. Hence, 30 The present study observed 4-6 transient short bursts of oscillations distinct above the BGA, co-occurring with the ictal spike-waves in 19 patients. Time-frequency analysis across the periictal continuum revealed isolated blobs suggesting the presence of true HFOs, which was consistent with the iEEG findings, 25 interictal scalp EEG, 16 and interictal MEG. 31, 32 In the current study, the ictal HFOs had a narrow frequency range, which spread over the MEG channels in the corresponding EZ. The temporal patterns of preictal and ictal ripples were equivalent. Pathological or physiological HFOs are of a narrow bandwidth, in contrast to nonbiological HFOs (muscle activity) that occur over a very broad frequency range on the same subject. 33 Spectral energy of preictal ripples was low compared to ictal ripples, as demonstrated both by time-frequency analysis ( Figure 1 ) and by quantification. The spectral power during the periictal continuum merely reflects the spatial extent of the neural population in the generation of an electrophysiological activity. There was a significant upsurge during ictal state for each brain source montage across all patients. It is intriguing to observe that during subgroup analysis, there was significant power upsurge in the focal source montages (eg, frontocentral, FpM/FR/PR), comparable to their focal EZ, from clinical information (eg, frontocentral epilepsies).
| Source localization with beamformer
and sLORETA on a wide ictal time window
To date, the major limitations in the analysis of ictal MEG data are the inability to assess accurate electrophysiological seizure onset and reduced utilization of source reconstruction algorithms. In clinical analysis, ECD remains the most widely used method for analysis of ictal and interictal MEG data. 34 Due to the low signal-to-noise ratio (SNR) of ictal rhythms, weak localization accuracy was reported in previous ictal MEG studies with ECD models. 9, 35 Time-frequency analysis and source reconstruction with a spatial filter and current-density estimates are more accurate than ECD due to the advantage of analysis of a wide window rather than a single time point. However, previous studies had used either a manual selection of a particular period distinct from the BGA 36 or a wide time window. 7 The present study selected a 4-second ictal window and computed non-time-resolved frequency analysis, to circumvent the subjective bias of time window selection. This approach increases the SNR and improves the localization accuracy. However, the ECD model is not suitable for localizing low-amplitude activity with low SNR such as HFOs. 37 Hence, beamformer (MVAB) 21 was utilized in the current study with a single optimal current direction at each voxel, and also sLORETA.
| Reasonable spatial concordance of ictal HFO SOZs with other epileptogenic regions
Ictal HFO source localization was successfully observed in 19 patients (95%), except in 1 patient (S15), with either algorithm. The investigated HFO sources (HFO-sL, HFO-MVAB) had excellent spatial lobar concordance with the other reference lobar epileptogenic regions. In comparison with presumed EZ, concordance rate (minimum = 85%) was equivalent in both algorithms. Beta and gamma oscillatory sources of interictal spikes localized to the EZ, which corresponded to the surgically resected areas in patients with favorable outcome. 38 These beta/gamma oscillatory sources were concordant with ECDs of interictal spikes and with EZ 28, 39 or with SOZ estimated by intracranial EEG. 40 The present findings are at par with the previous studies carried out using interictal MEG/EEG and ictal EEG. Another important observation in the current study was the ability of MEG ictal HFOs to accurately localize the SOZ in 3 patients with MRI-negative focal epilepsy, concordant with other investigations. The maximum HFO epileptogenicity concordance was with the (in descending order) presumed EZ (the gold standard), ictal EEG, and MRI. Although there was a disparity in SOZ in 2 patients, statistically, no significant effect was observed. The agreement in identifying SOZ was excellent, suggesting both algorithms can be utilized for evaluating ictal HFOs.
| Addressing the limitations, strengths, and future direction
The present study included the ictal record from both lesional and nonlesional epilepsies. It was difficult to subcategorize and characterize the differences between the groups, due to the smaller cohort. Concordance rates were reported just at the lobar level. The current observations warrant correlation with the clinical outcomes. All patients were taking >1 antiepileptic drug (AED) during MEG; hence, the effect of AEDs on the occurrence and distribution of HFOs could not be evaluated. The source montages or virtual sensors in a region should be increased to improve the specificity. The strength of the present study, however, is that it is the largest series to date examining MEG ictal records, where true HFOs were identified in time and frequency domain. Two inverse solution approaches were used to subdue algorithm selection. Further ICA computation and virtual time series estimation eliminates the artifacts and improves SNR. Further studies for validating and understanding the HFO characteristics detected by MEG should be addressed. The clinical role of HFO epileptogenicity should be dealt with in larger prospective cohort and multicentric studies.
